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1. Introduction
1.1. Particulate Matter and NOx Gases. It has been long known that nitrogen ox-
ides (such as NO2) will react with sunlight and OH radicals to produce nitric acid, while
during the night NO2 will react to form NO3 and then N2O5. These can be removed
by moist surfaces, forming dissolved nitrate ions. The introduction of particulate matter
can provide an active surface for the uptake of tropospheric gases and participation in
heterogeneous photochemistry. The importance of these pathways has become more clear
within the last 15 years, shedding light on the alternate pathways that will impact the
chemical balance of the atmosphere. The particulate matter has been shown to react
with nitric acid (a component of the nitrogen cycle) in several recent studies. This par-
ticulate matter has been shown to be a sink for nitrogen oxides and this heterogeneous
process provides a pathway for the renoxication of the atmosphere. The composition
of the particulate matter is dependent on the source region, so correlation of the renox-
ication event with the specic components of the particulate matter provides a more
comprehensive picture.
Atmospheric particles are known to provide active surfaces for the uptake and reaction
of atmospheric gases. Approximately 3000-5000 Tg of atmospheric particulate matter
is emitted every year.1 As seen in Figure 1, atmospheric particulate matter traveled far
distances, and can aect the climates of other regions as well as the source region. This
particulate matter can serve as a site for the adsorption of a molecule. This heterogeneous
process decreases the activation energy for many chemical reactions.
For most chemistry to occur, activation energy is needed. Thermal energy is not as
available in the atmosphere, so solar radiation excites these species into excited states. 1{4
Adsorption of atmospheric species onto particulate matter reduces the energetic require-
ments for reactions to occur allowing reactions that have high energy barriers to become
relevant.
Coupling these two ideas results in heterogeneous photochemistry. It allows for indirect
(catalyzed) photochemistry to occur, as the actinic ux of solar simulation is typically
not enough for direct photochemistry to occur in the stratosphere and troposphere. Het-
erogeneous photochemistry encompasses two main mechanisms: the semiconductor eect
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Figure 1. A dust storm over the Arabian Sea, captured by NASA's MODIS.
(driven by the adsorption of a photon of light by the semiconductor) and symmetry
breaking (in which the species reduces its chemical potential by breaking the symmetry
and adsorbing to the surface).
1.2. Symmetry Breaking.
(1) S(s) + A(g)! S A(a)
(2) S A(a)! S(s) + P(g)
The potential energy surface (PES) of a molecule changes when it is adsorbed onto
a surface, leading to perturbations that change the HOMO-LUMO gap.5,6 The optical
properties of the adsorbed species diers from that of the liquid or gas phase forms.
The absorption cross section of the adsorbed species is typically greater than the gas
phase species', leading to higher probabilities of forbidden transitions.7{10 Due to the
dierent PES of the adsorbed species, reaction pathways are changed, and can proceed
through new photochemical mechanisms.11,12 The ability of the surface to alter the energy
ow dynamics of the adsorbed molecule makes dierent surface mechanisms energetically
possible.7,11,13
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Adsorbed nitrate's cross section is enhanced, in comparison to gas phase, in the spec-
tral region of solar light.14 The kinetics of adsorbed nitrate interacting with light has been
determined to be approximately 4 times faster (than in the aqueous phase).15 When ad-
sorbed, nitrate moves from a D3h geometry to a less ordered C2v structure, as revealed by
quantum mechanical calculations.16 Vibrational modes of adsorbed nitrate are dierent
from those in the gas phase. With no water on the surface (<1 %RH), nitrate binds
to the surface in dierent modes of coordination such as monodentate, bidentate, and
bridging, seen in Figure 2.16{18 The right side of Figure 2 shows the various ways nitrate
can adsorb to Al2O3 determined by minimized structures optimized by Baltrusaitis et al.
via the B3LYP functional of Density Functional Theory with the basis set of 6-31G(d). 16
When binding to the surface, any degenerate vibrational modes (such as the v3 mode)
are broken, resulting in two vibrational frequencies shown in Figure 2 on the left panel
in the spectral region of 1200 and 1650 cm{1. With more and more water on the surface
(20, 45, and 80 %RH) the nitrate becomes solvated by the water, seen in the IR bands
between 1300-1450 cm{1 in Figure 2.16
Figure 2. Transmission FTIR spectra at dierent relative humidity condi-
tions of nitrate adsorbed on  Al2O3.17 (Right) Nitrate chemisorbed rep-
resented by energy minimized cluster models [Al2(OH)5(m-OH)(NO3)]
1{
optimized at the B3LYP/6-31+G(d) of theory. Four modes of coordina-
tion were found on Al2O3: monodentate (I), bidentate (II), O-O-bridge
(III), and O-brindge (IV).16
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As touched upon before, the adsorption of nitrate on a surface increases the absorption
cross section compared to the gas phase species (as shown in Figure 3).15 The absorption
cross section of the  !  transition centered at 290 nm is increased as nitrate adsorbs
onto a surface, as well as the forbidden transition at 200 nm is more likely.17 The  ! 
bands of the adsorbed species are red shifted towards the region of solar irradiation
(300-340 nm).7,19,20 Both the increased cross section, as well as the red shifting of the
absorption bands account for a higher photolysis rate of nitrate adsorbed on mineral dust
components than the gas phase species.
Figure 3. Absorption cross sections of HNO3 as a function of wavelength
on sapphire (a form of Al2O3). Circles are apparent cross section of HNO3
adsorbed onto sapphire surfaces. Diamonds denote cross section of gas
phase HNO3. Cross sections determined by Zhu group.
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1.3. Photocatalysis. Atmospheric particulate matter is made up of many components,
some of which are photoactive semiconductors. Examples of the semiconductor metal
oxides with bandgaps within the limit of solar irradiation are TiO2, ZnO, and Fe2O3
(Table 1).1,21 These components are the most common semiconductor components in the
continental crust.1,21 Table 1 shows that both Fe2O3 and TiO2 are readily available in
several dierent forms and both have homo-lumo band gaps within the spectral region of
solar radiation.
The process of the photogeneration of an electron hole pair on a semiconductor is
described in Figure 4.22 The electron is promoted to the conduction band (e {cb ) by the
adsorption of a photon, and leaves a hole in the valence band of the semiconductor(h +vb ).
Both the electron and hole are free to move around on the surface. The electron and
6
Table 1. Abundance and optical properties of semiconductor metal oxides
in Icelandic volcanic ash, Mauritanian sand, and the continental crust. (*
Combination of Fe2O3 and FeO)
22
Oxide Icelandic vol-
canic ash
Mauritanian
sand
Continental
crust
Band gap
mass % mass % mass % eV (nm)
Fe2O3 8.75* 0.335* 6.28 2.2 (564)
TiO2 1.66 0.219 0.68 3.2 (402)
hole provides an oxidation and reduction potential for the surface to react with dierent
adsorbed species.23 Figure 4 shows several reduction reactions of adsorbed species reacting
with the electron in the conduction band, as well as oxidation reactions involving the
holes.22 These redox reactions have the ability to impact atmospheric chemistry.
Figure 4. Schematic of the photogeneration of an electron-hole pair.22
Three possible processes follow the electron excitation: (i) conduction band
electron (e {cb ) act as reducing agents; (ii) electron hole in the valence band
(h +vb ) act as oxidizing agents; (iii) charge recombination.
Studies have demonstrated the importance of semiconductor metal oxides in the at-
mosphere's chemical balance.24{28 One example of the importance of the semiconductor
eect is the heterogeneous decomposition of ozone on Fe2O3. This process can take place
in two mechanisms, the rst being the homogenous and the second being the heteroge-
neous process. The rate constant for the total process (if semiconductor eect is not
considered) should be the sum of the two individual rst order processes.29{31
(3)
d[O3]
dt
= j[O3] + k[O3] = (j + k)[O3]
where j is the kinetic constant for the homogeneous process, and k is the heterogeneous
process. Experimental evidence shows that the rate constant, in sunlight, is twice the
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value of j and k, which implies a semiconductor eect which can be stimulated by photons,
showing that this decomposition has mechanisms involving photocatalysis.29 The bang
gap of Fe2O3 is 2.2 eV which is well within solar radiation of the troposphere, leading to
an electron hole pair which will enhance the degradation of ozone.32
A diculty in understanding the mechanisms of photocatalyis occur when other gases
are adsorbed on the surface. An example of this is water. Relative humidity (RH)
can have competing eects on the photocatalysis of volatile organic compounds (VOCs)
on TiO2. The most obvious eect is the competition of water with the VOCs for the
adsorption sites on TiO2.
33,34 In fact, as at high relative humidity, the formation of
multilayers decreases the number of photons reaching the surface. The other eect is the
new pathways available for the oxidation of the VOC created by the coadsorbed water
reacting with the semiconductor's electron-hole pairs. The photolysis of water on TiO2
has been shown to generate hydroxyl radicals which will enhance the photocatalysis of
VOCs.35 The coadsorbed water can prevent charge recombination by replenishing surface
hydroxyl groups. Oxygen adsorption can lead to the formation of superoxide radicals
(O2{ ) that can also oxidize the VOCs on the surface.
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2. Photochemistry of Nitrate Chemisorbed on Various Components of
Atmospheric Aerosol
2.1. Introduction. Over the last decade it has become clear that heterogeneous chem-
istry and photochemistry with solar radiation play an important role in the chemical
balance of the atmosphere.36{40 As a result, heterogeneous mechanisms with important
climate implications are now being proposed. For example, several studies suggest that
the reaction of mineral dust aerosol with nitric acid, a known atmospheric sink of nitrogen
oxides (removing nitrogen oxides from the atmosphere), may have a signicant impact in
the renoxication of the troposphere.41{46 These heterogeneous processes are rather com-
plex and closely dependent on aerosol composition, which varies broadly as it depends on
the source of the aerosol event.41,42,47{52 In order to better understand the heterogeneous
eect of aerosols in the renoxication of the troposphere it is important to understand
the role of each component of particular matter in the heterogeneous chemistry of nitric
acid.53
Among the components of tropospheric particulate matter are photoactive species such
as semiconductor metal oxides that can play a determining role in the formation of re-
action products, kinetics, and product yields of adsorbed nitrate photochemistry. A
semiconductor is a metal oxide that has a valence and conduction band separated by a
small energy. In the ground state, they do not conduct electricity, but in the excited
state, electrons are free to move around the conduction band. In fact, species like TiO2
and Fe2O3, with band-gaps smaller than the cuto of solar radiation in the troposphere,
can reach over 4% by mass in the aerosol formed during dust events.54,55 Even if these
species are relatively minor components of tropospheric mineral aerosols, they can have
an important impact on daytime chemistry. Recently, several studies suggest that these
types of semiconductor metal oxides can initiate further photochemical reactions on their
surfaces, with important implications in the kinetics and product formation of heteroge-
neous photochemical processes. In addition, species with no photoactive properties have
been shown to induce daytime chemistry through surface eects. In fact, recent studies
on the heterogeneous photochemistry of nitric acid on alumina, a component of mineral
dust, determined that a signicant fraction of adsorbed nitrate reacted in the presence
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of solar radiation to form NOx and green-house gas N2O.
43,56 Therefore, it is impor-
tant to establish the eect of photoactive and non-photoactive components of aerosol in
photochemical reactions.
Laboratory studies have shown that most photochemical decomposition of chemisorbed
nitrogen oxides under broad band radiation takes place during the rst two hours of irra-
diation.43,56 While infrared spectroscopy has proven ecient to determine the removal of
chemisorbed species, the spectroscopic analysis of gas-phase products is more challenging
because many proposed intermediate species, such as nitrous acid (HONO), are pho-
toactive. As a result, the gas-phase analysis in traditional single-vessel reactors, where
products are continuously exposed to solar radiation, are ineective to provide direct
evidence of HONO formation. In addition, products with low molar absorptivity have
only been observed after several hours of irradiation and product accumulation. In order
to achieve high sensitivity in gaseous product analysis and compare kinetics and yields of
the photochemical reactions of nitric acid adsorbed on aerosol particles, we carried out
photochemical studies of adsorbed nitrate on components of mineral aerosol, hematite
( Fe2O3), anatase (TiO2), alumina ( Al2O3), silica (SiO2) and zinc oxide (ZnO), un-
der simulated solar radiation at the same time that gas phase products are investigated
in an ex situ 2 meters long-path-cell coupled with the photochemical reactor system.
The objective of this chapter is to determine the symmetry breaking eect of nitrate on
two insulator components alumina ( Al2O3) and silica (SiO2), as well as the semicon-
ductor and symmetry breaking eects of nitrate on hematite ( Fe2O3), anatase (TiO2),
and zinc oxide (ZnO) components of mineral dust.
2.2. Experimental Section. Five commercially available powders were used in this
study:  Al2O3 (Degusa, Aluminum oxide C), TiO2 (Aldrich),  Fe2O3 (Aldrich), ZnO
(Essential Depot), and SiO2 (Stream Chemicals). All of these oxides are relevant compo-
nents of tropospheric aerosols with contrasting photoactive properties; while TiO2, ZnO,
and  Fe2O3 are semiconductive materials with band gaps energies below the cuto of
solar radiation at the top of the atmosphere,  Al2O3 and SiO2 are well known insulators.
Surface areas of all oxide samples were determined by a seven-point N2-BET adsorption
isotherm using a Quantachrome Nova 2200e surface area analyzer. The surface areas are
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(99.2  0.5) m2g{1, (54.99  0.04) m2g{1, (23  2) m2g{1, (5.7  0.4) m2g{1, and (4.06
 0.05) m2g{1 for  Al2O3, TiO2,  Fe2O3, ZnO, and SiO2 respectively.
There are three main components to the experimental setup (Figure 5): the gas gen-
erator, the photochemical cell, and the gas analysis chamber.
Figure 5. Schematic diagram of the experimental set-up used in these studies.
To generate the gaseous HNO3 and carry it into the reaction photochemical cell, a ow
of puried dry air with a relative humidity <1% was bubbled though an aqueous 3:1
mixture of sulfuric acid and nitric acid, and the resulting nitric acid gas owed to the
photochemical cell.
The photochemical cell consists of a Teon chamber enclosing a 72 by 4 mm attenu-
ated total reection (ATR) germanium crystal (Pike Technologies), which supports the
metal oxide sample to be studied. A UV-Vis transmission window (Ultran R) on top
of the Teon chamber allows broad band irradiation of the metal oxide sample and re-
moves radiation below 290 nm. Finally, the photochemical cell is coupled to a Fourier
Transformed infrared (FTIR) spectrometer (Thermo, 6700) for continuous ATR-FTIR
analysis. The reaction photochemical-cell chamber (54.0 cm3) contains a gas inlet and
outlet to allow coupling with a sample/vacuum line and an IR long-path cell for gas-phase
product analysis. The vacuum line consists on a mechanical vacuum with pressure trans-
ducers and ports for gas introduction. The photolysis of adsorbed nitrate compounds is
carried out in the reaction photochemical cell. As shown in Figure 5, a broadband light
source (ORIEL, 500 W) is placed on top of the photochemical cell. The broadband light
intensity distribution was measured across the ATR crystal using a calibrated photocell.
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The light intensity shows a Gaussian prole, with obscuration eects at each end of the
crystal. At the center of the crystal, the irradiance of the light beam is approximately 1.10
kW m{2, approximately 1.2 of air mass 1 (AM1). This irradiance output is kept constant
through the experiment. In addition, a heat absorber lter (Newport) is used to remove
infrared radiation and maintain isothermal conditions throughout the experiment.
The gas analysis chamber is a 200.0 cm3 IR long-path cell (Thermo), which consists of
a 2 meters optical path gas with barium uoride windows and gold coated optics. The
volume of the tubing connecting the photochemical cell with the long-path cell is consid-
ered negligible. The cell is in a second Fourier Transformed infrared (FTIR) spectrometer
(Thermo, iS50) for continuous gas-phase analysis, which is performed simultaneously with
the surface analysis in the photochemical cell.
In a typical experiment, the oxide lm was formed by preparing a slurry of the oxide
powder and applying it onto the ATR crystal; as the methanol of the slurry evaporates,
a thin lm of the metal oxide was homogeneously deposited on the surface of the ATR
crystal. Only the  Al2O3 lm was prepared by pressing the powder onto the Ge crystal
surface. Once in the cell, the oxide lm was dried under vacuum overnight.
Following the overnight drying of the ATR crystal coated with the oxide lm, gaseous
HNO3 was introduced into the reaction photochemical cell in order to adsorb nitric acid
onto the oxide surface. Using the spectra of the dry oxide as a reference, nitric acid
adsorption on the oxide surface was continuously monitored throughout the adsorption
process by collecting infrared spectra, where adsorbed nitrates show absorption bands in
the region 1700 to 1100 cm{1.57 The ow of nitric acid over the oxide surface continued un-
til the surface nitrate features stopped growing, indicating surface saturation. Following
an overnight evacuation, the resulting surface was consider saturated with chemisorbed
nitrate, and the integration of the chemisorbed nitrate absorption bands was set as the
surface's initial coverage (0).
In a typical experiment, infrared scans are recorded under vacuum and dark conditions
for over 30 minutes to quantify any non-photochemical/heterogeneous reaction by moni-
toring changes in the adsorbed nitrate and any gas-phase product in the long-path cell.
After this baseline time, the broadband light source (>290nm) is turned on to begin the
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photochemical reaction (t = 0 minutes), which is allowed to proceed under vacuum for
at least 350 minutes. During irradiation, the ATR-FTIR spectra of the nitrated surface
are recorded in intervals of 2 minutes to allow kinetic analysis. Simultaneously, gas phase
products are detected with the FTIR long-path cell at the same time intervals. Typi-
cally, 240 scans of 4 cm{1 resolution are collected for both surface chemisorbed nitrate
and gas-phase products.
The partial pressures of gas-phase species were determined using a Beer's law cal-
ibration. For the gas products observed, the relevant absorption cross sections were
determined. The NO absorption cross section in the spectral region between 1973 and
1880 cm{1 was determined to be 0.1955 Torr{1; the N2O absorption cross section in the
spectral region between 2263 and 2143 cm{1 was 3.7347 Torr{1; the NO2 absorption cross
section in the spectral region between 1660 and 1550 cm{1 was 7.5256 Torr{1. The limits
of detection for NO2 and N2O and NO were 2, 2, and 5 mTorr respectively. The partial
pressure of HONO was determine from previously reported cross sections,58,59 while the
partial pressure of N2O4 was calculated from the known equilibrium constant between
this gas and its monomer, NO2.
Diuse-reectance UV-Vis spectroscopy (DRS UV-Vis) studies of the metal oxides ex-
amined were performed using a Lambda 35 Spectrophotometer (Perkin Elmer) equipped
with an integrating sphere. In order to evaluate the semiconductor properties of the oxide
samples, all spectra were referenced to 100% reection. The DRS UV-Vis referenced to
100% reection was used to calculate the band-gap of the powders in the spectral region
between 200 and 1100 nm. The calculated band-gap for TiO2, ZnO, and  Fe2O3 are
(3.07  0.01) eV, (3.10  0.03) eV, and (2.24  0.02) eV, respectively. These values are
in good agreement with reported literature values.60
2.3. Results and Discussion.
2.3.1. Vibrational spectroscopy of photochemical reaction. An overview of the heteroge-
neous photochemical reaction of chemisorbed nitric acid on ve dierent oxide surfaces
is presented in Figure 6, where panel A shows the spectra in the surface (photochemical
cell), and panel B shows the spectra in the gas phase (gas analysis chamber).
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Figure 6. (A) Attenuated total reection-Fourier transform infrared
(ATR-FTIR) spectra of surface adsorbed nitrate. Solid line represents the
reaction before irradiation (t=0) and dashed line represents the reacted
fraction at t = 350 min. (B) Time progression of gas-phase products- a
scan before irradiation, 10 minutes after irradiation, and then subsequent
FTIR scans with 90 minutes interval. Five dierent surfaces are shown:
 Al2O3, TiO2 (anatase), ZnO,  Fe2O3, SiO2. The * indicates that the
scale for ZnO is shown 20 times smaller than measured for purpose of pre-
sentation.
Figure 6A displays representative spectral features for chemisorbed nitric acid, with
the broken line representing the HNO3 that is removed from the surface after 350 min-
utes of irradiation (t = 350 minutes). In general, the multiple features observed in the
infrared spectra correspond to dierent modes of coordination of nitrates with the oxide
surface.56,57,61 Two common vibrational absorption bands for chemisorbed nitrate, with
slight shifts caused by surface-nitrate coordination on the dierent surfaces tested, are
observed in the spectrum collected before irradiation (solid line). An intense absorption
band between 1304 and 1286 cm{1 and a less intense absorption band between 1523 and
1483 cm{1 can both be assigned to an asymmetric N-O stretch of dierent coordination
of adsorbed nitrate. The HNO3 chemisorbed on TiO2 shows an intense absorption band
at 1622 cm{1, also corresponding to an asymmetric N-O stretch. This feature is smaller,
but observable in all the oxide surfaces examined.
While most of the oxides examined will coordinate nitrate ion with the metal, ZnO
and SiO2 present a characteristic adsorption mechanism. The hydroxyl termination of
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the SiO2 surface indicates a chemisorption of molecular nitric acid on SiO2 that pro-
ceeds through hydrogen bonding interaction.62 While all the powders have acid and base
surface sites, SiO2 can be classied as a non-reactive neutral powder, and  Al2O3,
 Fe2O3, and TiO2 are amphoteric reactive-insoluble powders.63,64 On the other hand,
ZnO is the only reactive basic powder examined.62,63 As a consequence, it is expected
that an important fraction of ZnO surface will react upon interaction with HNO3. Sig-
nicantly, the relatively higher nitrate absorption bands observed on ZnO surface im-
plies a higher nitrate surface concentration resulting from a neutralization reaction with
the subsequent formation of the nitrate salt. In fact, vibrational bands at 1308, 1025,
799 cm{1 (not shown in Figure 6A) can be assigned to a nitrate salt 3 symmetric
stretch, 1 symmetric stretch, and 2 out-of-plane bend, respectively.65 It has been sug-
gested that this heterogeneous reaction to form Zn(NO3)2 follow a two-step mechanism:
ZnO + HNO3 ! Zn(OH)NO3 + HNO3 ! Zn(NO3)2 + H2O.62 Here, adsorbed water is
lost from the surface after overnight vacuum. Overall, this suggests that, for experiments
on ZnO surfaces, a combination of nitrate salt and chemisorbed nitrate is expected.
The broken line in Figure 6A represents the loss of surface nitrate after 350 minutes of
irradiation. Figure 6A clearly indicates that surface nitrate is removed from  Al2O3 and
TiO2 in a higher proportion than other surfaces examined. A smaller, but measurable
loss of chemisorbed nitric acid is also observed in SiO2 and ZnO. However, from surface
infrared spectra there is no clear evidence of nitrate loss after 350 minutes of irradiation
on  Fe2O3. It is especially clear from the HNO3 removed from the TiO2 surface that a
few features of the chemisorbed nitrate are preferentially removed from the surface, sug-
gesting that not all the nitrate-oxide coordination structures will undergo heterogeneous
photolysis.56
As indicated above, investigated gas-phase products were removed from the reac-
tion photochemical cell and analyzed in the absence of broadband radiation during the
progress of the photochemical heterogeneous reaction. Figure 6B shows representative
FTIR spectra of the long-path cell at dierent stages of the photochemical reaction,
where the content of the long-path cell can be analyzed based on the increase of absorp-
tion bands. Figure 6B represents the time progression of the gas-phase experimental IR
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data, where the six spectra displayed correspond to the gas phase: a scan before irra-
diation, 10 minutes after irradiation, and then subsequent FTIR scans with 90 minutes
interval. No signicant absorption bands were observed to grow under dark conditions.
More noticeable, from Figure 6B it is evident that all surfaces examined induce photo-
chemical heterogeneous reactions to some extent, as absorption bands of gas-phase species
are observed to grow with irradiation time for all ve surfaces.
Figure 6B shows several absorption bands: three of these bands, centered at 1616, 1878,
2221 cm{1, are attributed to NO2, NO, and N2O respectively.
41 In addition, a vibrational
band observed at 1749 cm{1 corresponds to the nitrogen dioxide dimer N2O4. Finally, a
fth band centered at 1678 cm{1 is observed, particularly strong for the photochemical
reaction on  Fe2O3, TiO2, and  Al2O3, although still observable for all the oxides
examined. This fth band is attributable to the fundamental 2 vibrational mode of
nitrous acid, HONO.66 In addition, a small, but observable band centered at 1263 cm{1
can also be assigned to the fundamental 3 vibrational mode of HONO.58,66
All the infrared absorption bands of the gas-phase products were observed to grow with
respect of irradiation time of the nitrated surface. In the case of  Al2O3, TiO2, SiO2,
and ZnO all the gas-phase infrared features increased as the surface nitrate decreased.
However, growth of gas-phase products is observed for  Fe2O3, even though there
was no observed loss of chemisorbed nitrate from this surface. This discrepancy can be
attributed to higher limits of detection of the gas-phase analysis compared to that of the
surface FTIR spectra. It is important to point out that, from all gas-phase products
observed during the heterogeneous photolysis of nitrate on SiO2, only NO2, N2O and NO
were above the limit of quantication of the experiment. No quantiable concentrations
of HONO were quantied from the SiO2 surface.
2.3.2. Kinetics of surface nitrate photochemistry. Analysis of the area of the absorption
bands before irradiation indicates that there is no signicant loss of surface nitrates in the
absence of light. In addition, no signicant gas-phase products are observed in the absence
of broad band irradiation. Upon irradiation, the infrared spectra of chemisorbed nitrate
on each oxide surface were recorded. In all cases where nitrate loss was measured, an
exponential removal was observed for the rst several minutes of broad band irradiation,
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suggesting a rst order reaction kinetics. The chemisorbed nitrate removal is analyzed
relative to the initial entire normalized nitrate absorbance region before irradiation, which
for analysis purposes is dened as the initial nitrate surface coverage (0). Figure 7A
shows the relative loss in the surface nitrate with respect to irradiation time, over several
hours of experiment, for all the oxides examined.
Figure 7. Photochemical loss of chemisorbed nitrate on dierent particle
surfaces. Measurements are referenced to the nitrate saturated surface at
t=0 minutes (0). Panel A shows chemisorbed nitrate loss; each point is the
mean of at least triplicate measurements and the error bars represent the
standard deviation. Panel B shows the natural logarithm of the removed
nitrate fraction. The dotted line represents the linear regression over the
rst order kinetics regime used to delimit the exponential decay of surface
nitrate.
From Figure 7A, the exponential loss on  Al2O3 and TiO2 is clearly observed, with
a percentage of chemisorbed nitrate loss (over 350 minutes of reaction of (27  3)% and
(18  4)%, respectively. In addition, SiO2 also shows an exponential loss of chemisorbed
nitrate to a lesser extent, with surface nitrate loss of (9  4)% over 350 minutes of
broadband irradiation. ZnO, although not apparent from Figure 7A, also shows an ex-
ponential removal of chemisorbed nitrate; however, because of its neutralization reaction
(vide supra) the percentage of chemisorbed nitrate loss on ZnO throughout the experi-
ment is only (0.5  0.2)%. Note that nitrate loss on ZnO experiments can be due to a
combination of chemisorbed nitrate and Zn(NO3)2. The time frame of the exponential
removal is determined by the limit of linearity (LOL) of the natural logarithm of the
adsorbed nitrate fraction, as shown in Figure 7B. The percent loss of chemisorbed nitrate
as a function of irradiation at the end of the exponential loss (LOL) and well as the
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loss of nitrate after 350 minutes of irradiation (350) is reported in Table 2. Overall,
no absorption bands were observed to grow on the irradiated surface. However, forma-
tion of surface-bound nitrite (on  Al2O3 and on  Fe2O3) has been reported in recent
experiments.42,56
Table 2. First-order Photolysis Rate Constants (j), photochemical reac-
tion yields (LOL) at the limit of linearity, limit of linearity (LOL), and pho-
tochemical reaction yields at 350 minutes of reaction (350) of chemisorbed
nitrate on dierent particle surfaces. Data presented are averages of tripli-
cate measurements.
Surface LOL (%) j 10 5s{1 LOL 2 min 350 (%)
 Al2O3 15  1 4.4  0.2 54 27  3
TiO2 10  3 7.6  0.2 24 18  4
ZnO 0.35  0.09 0.058  0.003 74 0.5  0.2
 Fe2O3 < LOD < LOD N/A N/A
SiO2 7  5 2.3  0.1 54 9  4
The higher loss of chemisorbed nitrate on  Al2O3 and TiO2 (LOL and 350 in Ta-
ble 2) can be attributed to varying nitrate-oxide coordination, which is inherently dier-
ent in each oxide and should result in a change in the electronic structure and chemical
potential of chemisorbed nitrate.50,67,68 As a chromophore, adsorbed nitrate will absorb
photons that can induce photodissociation reactions with a mechanism similar to that of
aqueous nitrate (Equations 4, 5, and 6).43,56,69
(4) NO  3 (a) + H
+(a)
h ! NO2(g) + OH(g)
(5) NO  3 (a) + H
+(a)
h ! NO  2 (a) + O(3P)(g) + H+(a)
(6) NO  2 (a) + H
+(a)
h ! NO(g) + OH(g)
where (a) represent adsorbed species. Gases NO and NO2 were observed as products of
the reaction and will continue to react, leading to the formation of the additional gas
products observed in Figure 6. The formation of N2O has been proposed in previous
studies through two possible mechanisms, the rst one a one-step mechanism shown in
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equation 7:70
(7) NO  3 (a) + NO2(g)! N2O(g) +
7
4
O2(g) +
1
2
O2 (g)
Alternatively, Beaumont and collaborators proposed a mechanism for the formation
of HONO though a surface nitrate reduction process similar to equation (5), followed
by a photoinduced desorption of nitrous acid.71,72 This mechanism, supported by the
observation of adsorbed NO {2 ,
66 is conrmed by the absorption bands attributable to
HONO.
In addition to the chromophore properties of the substrate, TiO2 (anatase) is a well-
known semiconductor, implying an additional photochemical activity. In general, the
TiO2 band gap energy is 3.07 eV (corresponding to 404 nm),
60 well above the cuto of
our solar simulator under experimental conditions (290 nm). Thus, irradiation of TiO2
with photons having energies higher than 3.07 eV can create electron-hole pairs. As
long as the thermodynamic potential of the chemisorbed nitrate is below the conduction
band of TiO2, a photochemical surface-induced reaction can be initiated. Thus, the loss of
chemisorbed nitrate on TiO2 can be a combination of light absorption and dissociation by
the substrate and a surface reaction induced by the electron-hole pairs. Both,  Fe2O3
and ZnO are also semiconductors with band gaps energy measured at 2.24 eV (564 nm)
and 3.10 eV (400 nm) respectively,41,73 still below the energy cuto our solar simulator
(290 nm). Even though the band gap energies of ZnO and TiO2 are similar, the removal
of chemisorbed nitrate from ZnO surface is signicantly less. This lower reactivity is a
consequence of two dierent eects: rst, the chemisorbed nitrate coordination to the
metal oxides, and second the formation of the nitrate salt Zn(NO3)2 by a neutralization
process with ZnO rather than just a nitrate-oxide coordination such as the one observed
on TiO2. Signicantly, the reaction of chemisorbed nitrate on  Al2O3 observed seems
analogous to aqueous nitrate, since  Al2O3 is well known insulator.
With the exception of  Fe2O3, in all the cases where chemisorbed nitrate was mea-
sured, an exponential removal was observed, with the most signicant nitrate reaction
taking place within the rst 90 minutes of irradiation. The chemisorbed nitrate removal
from  Al2O3, TiO2, SiO2, and ZnO show rst order kinetics, with a photochemical rate
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constant, j, that can be expressed in the rst order model as the integrated rate law
d[NO  3 (a)]
dt
=  j[NO  3 (a)]
Ln(
[NO  3 (a)]
[NO  3 (a)]0
) = Ln(

0
) =  jt
(8)
where 
0
is the ratio between the normalized absorption bands of chemisorbed nitrate
at a given reaction time with respect of the absorption bands before the photochemical
reaction. Figure 3B shows the data tted to a rst order kinetic model in order to
calculate the rate constant of the reaction. The rate constant of chemisorbed nitrate
loss on each surface examined is shown in Table 2. All rate constants were determined
within the linear section of equation (8), which was determined for each case as the limit
of linearity with a 95% condence of the data plotted in Figure 7B.74 As summarized
in Table 2 this limit of linearity (LOL) is dierent for each powder, and it determines
the extent of the rst-order kinetics. Recent heterogeneous photochemistry experiments
with chemisorbed nitrates on  Al2O3 suggested a rst order kinetics regime under 90
minutes.43,56 Under our experimental conditions, the heterogeneous photochemistry of
nitrates on  Al2O3 is rst order for the rst 54  2 minutes. A photochemical rate
constant of j = (4.4  0.2)10 5s 1 was calculated using equation (8) with data up
to minute 54 of nitrate loss on  Al2O3, which is in good agreement with previously
reported rate constants of chemisorbed nitrates photochemistry on  Al2O3.56 Table 2
summarizes the rate constant on each surface, along with the LOL, or the extent of the
rst order kinetics regime. In contrast with observations on  Al2O3, surface nitrate
removal on TiO2 takes place mainly within the rst 24 minutes, and 74 minutes for
ZnO. Panel B in Figure 6 corresponds to the rst 50 minutes of the rst-order kinetics
reaction of all surfaces examined except  Fe2O3, for which nitrate loss was below our
quantication limit.
At the end of the linearity, as established in Table 2, the loss of chemisorbed nitrate
was 15  1 %, 10  3 %, 7  3 %, and 0.35  0.09 %, for  Al2O3, TiO2, SiO2, and
ZnO, respectively. The proportion of nitrate removed during the rst order kinetics (R1)
of the reaction is estimated comparing the yield at the end the linearity (LOL) with the
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yield near the end of irradiation time, 350 minutes, (350):
(9) R1 =
LOL
350
with R1 values of 0.55 0.03, 0.56 0.09 for  Al2O3, TiO2 respectively and 0.8 0.1 for
both SiO2 and ZnO. Considering this rst order kinetics nitrate yield (R
1), it is clear that
surface nitrate removal predominantly goes through the rst order kinetics. However, the
photochemical reaction does not stop immediately after the rst-order regime is reached,
but rather slows down until the nitrate loss can no longer be detected.
The higher fraction of nitrates removed from  Al2O3, an insulator metal oxide, indi-
cates that, while the semiconductor properties of the substrates are signicant, the sub-
strate coordination with the metal oxide also plays a relevant role in the photochemical
reactivity of adsorbed nitrate. Conversely, semiconductor surfaces may lead to dierent
oxidation state of products, as the electron-hole pair generated during a band-gap exci-
tation can participate in the heterogeneous reaction, given that the electron-hole reaches
enough chemical potential to induce a reaction. Therefore, an examination of the gas
phase products in the context of the surface semiconductor properties is important.
2.3.3. Analysis of gas phase products. As indicated above, gas phase products detected
were the same for all surfaces examined. Figure 8 shows the formation of the main four
products detected during irradiation. The pressure of gas products was referenced to
the absorbance of nitrate before broadband irradiation in order to account for variations
in surface availability between experiments. The formation of gaseous products follows
dierent kinetics for each gas detected, and an overall chemical kinetics dierent from
that of the surface nitrate reaction producing them.
This kinetic dierence in gas products formation comes from two dierent aspects of the
reaction: rst, gaseous products formed during photochemistry of chemisorbed nitrate
can undergo further reaction in the gas phase; for instance, nitrous oxide (N2O) and NO2
can be formed as shown in reaction (10):70
(10) 3 NO(g)! N2O2(g) + NO(g)! N2O(g) + NO2(g)
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Figure 8. Gas-phase concentrations relative to initial nitrate coverage
(0) as a function of irradiation of chemisorbed nitrate. Gaseous products
from chemisorbed nitrate on ve dierent surfaces are shown  Al2O3,
TiO2 (anatase), SiO2, ZnO, and  Fe2O3. Panel A shows the relative
pressure of NO2, panel B shows the relative pressure of NO, panel C shows
the relative pressure of N2O, and panel D shows the relative pressure of
HONO. No quantiable HONO band was measured during the SiO2 irra-
diation.
This subsequent homogeneous reaction leads to more complex chemical kinetics than
observed in the surface phase. Second, heterogeneous photochemistry of chemisorbed
nitrate may follow mechanisms that can lead to surface bound products. For example,
the initial reduction of nitrates leading to surface bound NO {2 or even further reduction
to produce adsorbed, as indicated in reaction (2).42,56
Alternatively, recent studies suggest the formation of N2O by reaction of HONO (11),
which is consistent with the steady growth of HONO and N2O observed in Figure 8. In
general, the formation of HONO is clearly observed during the photolysis of adsorbed
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nitrate on every surface examined, although it is especially signicant for  Al2O3 and
TiO2. As a consequence, higher N2O is expected through this mechanism.
(11) 2 HONO(g)! N2O(g) + O2(g) + H2O(g)
In addition, as Figure 8 illustrates, the proportion of gas phase products also varies
with the surface. Overall, the higher proportions of gases are produced with irradiated
adsorbed nitrate on  Al2O3 and TiO2. The relatively small concentration of gas phase
products from the irradiation on ZnO is in agreement with surface observation and sup-
port the idea that most adsorbed nitrate has been converted into Zn(NO3)2 through
neutralization. Table 3 summarizes the mole fraction of gas products at the limit of the
rst order kinetics regime (yLOL) and near the end of the reaction at 350 minutes (y350).
For the two insulator metal oxides examined,  Al2O3 and SiO2, the main product was
NO2 both during the rst-order kinetic regime and at the end of the irradiation period.
Table 3. Gas-phase products molar fraction during the predominantly
rst order kinetics (yLOL) and molar fraction after 350 minutes of broad-
band irradiation (y350). Data presented are averages of triplicate measure-
ments.
Surface yLOL y350
NO2 +
N2O4
NO N2O HONO NO2 +
N2O4
NO N2O HONO
-
Al2O3
0.7 
0.3
0.1 
0.1
0.01 
0.01
0.001 
0.001
0.76 
0.01
0.19 
0.01
0.041 
0.003
0.008 
0.002
SiO2 0.7 
0.2
0.3 
0.1
n/a n/a 0.3 
0.09
0.5 
0.09
0.020 
0.005
n/a
ZnO 0.2 
0.1
0.6 
0.1
0.136 
0.005
<0.006 0.412 
0.001
0.51 
0.02
0.08 
0.02
<0.005
TiO2 0.5 
0.2
0.4 
0.2
0.09 
0.04
<0.01 0.4 
0.1
0.5 
0.1
0.130 
0.005
0.004 
0.003
Fe2O3 n/a n/a n/a n/a 0.6 
0.2
0.4 
0.2
0.02 
0.01
0.008 
0.008
For the insulator surfaces, more reduced nitrogen oxide species, NO and N2O, were
found in relatively smaller proportion at the rst-order kinetic regime. In fact, in the case
of  Al2O3, N2O can only be determined with condence above the limit of linearity that
establishes the rst order kinetics of the reaction. Similarly, for the insulators studied,
HONO was only measured during nitrate irradiation on  Al2O3, although a small but
clear HONO band was also observed during irradiation of chemisorbed nitrate on SiO2, as
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can be seen in Figure 6B. Overall, as indicated in Figure 8, a signicantly larger amount
of gas product was detected from  Al2O3 than from SiO2, which corresponds well with
the amount of nitrate removed from each surface (Table 2).
On the other hand, products obtained from nitrate chemisorbed on semiconductors
show a relatively lower proportion of NO2 and a relatively higher mole fraction of NO
and N2O at the end of the rst order rate regime. This relative increase of N2O formation
suggests that surface semiconductive properties can aect surface mechanisms. While
reduced nitrogen oxide species have also been detected on insulators, a recent work by
Nanayakkara et al. on the surface photochemistry of adsorbed nitrate on  Fe2O3 has
shown further reduced surface bound species such as NO{ , suggesting a reducing eect
of electrons in the oxide's conduction band.42 The semiconductor metal oxides examined
in this work,  Fe2O3, TiO2, and ZnO, have conduction band gaps measured in the
visible to near UV. Therefore, irradiation of these metal oxides with photons having
energies above their band gaps can create electron-hole pairs, which can initiate further
photochemical reactions. In fact, the energy of electron-hole pairs on TiO2 and ZnO is
higher than that of  Fe2O3, justifying not only the higher reactivity but also the higher
proportion of reduced species such as NO upon irradiation on TiO2 and ZnO.
75 Major
products like NO have been reported to re-adsorb on the metal oxide surface, where
the electrons emitted by the semiconductor can further produce N2O, as described in
reactions (12) and (13):76
(12) NO2(a) + 2e
 (a) + 2H+(a)
surface    ! NO(g) + H2O(a)
(13) 2 NO(a) + 2e (a) + 2H+(a)
surface    ! N2O(g) + H2O(a)
where the electrons and the acid media are provided by the surface. The participation of
surface induced electrons suggests that paired hole in the valence band (h +vb ) will be left
available on the semiconductor metal oxide. These valence band holes can react further
with adsorbed nitrates to form surface bound NO3, which readily photolyzes to produce
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NOx (equations 14, 15, and 16).
46,77,78
(14) NO  3 (a) + h
+
vb  ! NO3(a)
(15) NO3(a)
h ! NO(g) + O2(g)
(16) NO3(a)
h ! NO2(g) + O(g)
Water produced in the reduction reactions (12) and (13) would not be detected under
our experimental condition. However, water vapor can also compete for surface adsorp-
tion sites and react with the available holes on the surface of the metal oxide, dissociating
into hydroxyl radicals and protons.46,79
Finally, NO can act as the precursor for N2O even on insulator surfaces, via heteroge-
neous reaction.75
(17) 3NO(a)
surface    ! NO2(g) + N2O(g)
However, the higher proportion of N2O from chemisorbed nitrates on semiconductor sur-
faces demonstrate that semiconductor components of atmospheric aerosols can trigger
reducing reactions.80 There is a clear eect of the photochemical properties of the sur-
faces examined in the heterogeneous photochemistry of chemisorbed nitrate, although a
detailed mechanism for the reaction needs to be explored in future work. Overall, the re-
activity of chemisorbed nitrate is a complex combination of adsorbed nitrate coordination
and the semiconductive properties of the surface.
2.4. Conclusions and Atmospheric Implications. We have implemented a hetero-
geneous photochemistry experiment that incorporates the simultaneous investigation of
both adsorbed HNO3 and its gas phase products on various components of atmospheric
aerosols. The system allows analysis at kinetically relevant time frames, as well as sam-
ple versatility, and low limits of detection of gas phase products. This work shows an
exponential removal of chemisorbed nitric acid upon broadband irradiation, with charac-
teristic rst order kinetics, along with the formation of several nitrogen oxides and HONO
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in the gas phase through alternative heterogeneous photolysis pathways. Therefore, day-
time chemistry of chemisorbed nitrates can trigger alternative pathways for tropospheric
renoxication. This heterogeneous photochemical reaction has surface dependent rate
constants with each metal oxide leading to dierent yields. By contrasting semiconduc-
tor oxides, such as TiO2, ZnO, and  Fe2O3, with insulators, such as  Al2O3 and
SiO2, our results show that the photoactivity of the surface plays an important role in
the production of reduced gaseous nitrogen oxides such as NO and N2O.
Finally, this work shows that heterogeneous photochemistry of HNO3 on tropospheric
aerosol surfaces can have an impact in the chemical balance of the atmosphere. Even
though these oxides are ubiquitous in the environment, the requirement of signicant in-
put of solar radiation makes heterogeneous photochemistry of nitrates more relevant on
components of atmospheric aerosols. In particular, the oxides studied in this work might
be in higher proportions in aerosols released into the atmosphere by combustion anthro-
pogenic activities, such as y ashes. As a consequence, the role of aerosol composition
in heterogeneous photochemistry should be incorporated into current climate models to
improve further the accuracy of atmospheric models.
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3. Relative Humidity Eects of Nitrate Photochemistry on TiO2
3.1. Introduction. As discussed in chapter 2, nitrate's heterogeneous photochemical
reaction with mineral dust will produce NOx, N2O, and HONO gases. The studies in
chapter 2 only examined nitrate on each metal oxide, resulting in mechanisms of solely
nitrate on surfaces. A logical extension of those experiments would be to investigate the
eect of water on the reaction, as the atmosphere is not 0 %RH. nitrate chemisorbed onto
semiconductors or insulators may induce dierent reactions of nitrate if water present on
the surface, as the reducing potential of the electron in the semiconductor surfaces plays
a role in the reaction.
Semiconductors, such as TiO2 have been shown to split and reduce water to molecular
hydrogen and oxygen.81,82 Recently, a method to tune the bandgap of TiO2 has been
developed by Kahn et al, increasing the eciency of the splitting of water.81 The kinetics
of this water and electron hole interaction has recently been investigated by Klug et al,
showing that the interaction of the hole and water is key to the ecient production of
O2.
82 The interaction of water and photo-generated holes will inuence the chemistry
taking place on the surface.
As discussed in chapter 2, reactions that are not kinetically relevant in the gas phase
can become relevant when the gas is adsorbed onto a surface.24 Surface binding of nitrate
will change the chemistry that can occur because of the changes in the geometry of the
nitrate. Nitrate, in the gas phase, has D3h symmetry (all bond angles and lengths are
equal, it is an equilateral triangle). When nitrate binds to the surface, its global minimum
shifts to a C2V geometry (two bond angles and lengths are the same, it is an isosceles
triangle). This shift in geometry can be seen in vibrational splitting of the 3 mode.
83
This splitting occurs due to the breaking of a degenerate vibration, present in the D3h
point group, and absent in the C2v point group. This symmetry breaking also aects the
electronic structure, resulting in a larger absorbance as nitrate shifts from the D3h to C2v
symmetry.14 Due to the change in the electronic structure, the kinetics of nitrate will
change, becoming faster.15,24
When water is coadsorbed with nitrate on a surface, the water competes for sites on
the surface. The water can also interact with nitrate, acting as a solvation shell. This
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eect has been studied on alumina surfaces by Dr. Grassian's group. It has been shown
that water will cause certain structures of adsorbed nitrate to be more favorable. 16 This
results in vibrational peaks from more favorable congurations dominating the spectra.
The splitting of the 3 mode decreases as water is introduced to the surface.
16 The
splitting of the 3 mode of nitrate (aq) is similar to that found when water is coadsorbed
to nitrate,16,83 implying the nitrate returns to a D3h geometry when water is coadsorbed
onto the surface.
Water adsorbed onto calcite surfaces has been shown to desorb and form \water holes"
on the surface below 100 % RH (holes were seen at RH as high as 75 %).84 Calcite's surface
has it's face terminated with bicarbonate and hydroxyl groups, which are hydrophilic.
This desorption of water happens dynamically, calculations indicate that water holes ap-
pear and disappear dynamically at 300K.84 Calcite is far more hydrophillic than titanium
dioxide, so it should be expected that the water does not bind to the surface as well, and
will desorb much more easily. Henderson determined that water will desorb from any
face of TiO2 by 270K, even as low as 150K for most surfaces tested.
85 A monolayer of
water will bind, oxygen side down, to the metal cations.85 This restricts the geometry of
the monolayer, not allowing any hydrogen bonding and creating a dipole-dipole repulsion
from the hydrogens of adjacent water molecules interacting.85 If nitrate can coordinate
the metal cation in a monodentate fashion, the surrounding water can form favorable
hydrogen bonds to the remaining oxygen on the nitrate. The nitrated surface will have
more anity towards water adsorbtion than the surface studied by Henderson.
The eect of water on a surface's photocatalytic capabilities can have a detrimental
eect or an enhancement of the capabilities. Water coadsorbing with volatile organic
compounds (VOCs) will have a detrimental eect on the photocatalysis due to the com-
petitive adsorbtion of water with the VOCs,33,34 and the decreased number of photons
reaching the surface by water multilayer coverage at high RH.86 Nitrate with water on
alumina has an enhancing eect of the photocatalysis. Alumina is an insulator, the band
gap is not within solar radiation, so nitrate can only react with solar radiation when het-
erogeneous photochemistry occurs.15 The eects of water on the kinetics of the reaction
have been studied. Once water is added to the surface, the reaction speeds up and the
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total overall percentage of nitrate removed increases.15 As the reaction speeds up, the
limit of linearity decreases.15 The heterogeneous photochemistry of nitrates on insulators
is dierent than on semiconductors. In dry conditions, the heterogeneous photochem-
istry of nitrate on a semiconductor will produce more reduced nitrogen gases than on an
insulator due to the reduction capability of the electron in the conduction band.24 This
electron and electron hole pair may play a role in the reaction if water is coadsorbed,
allowing dierent mechanisms to occur.
To investigate the eect of water on the heterogeneous photochemical reaction of ni-
trate on TiO2, various amounts of water were coadsorbed with nitrate and the resulting
surface was illuminated with a solar simulator. The surface and gas phase products were
monitored in parallel by two FTIRs, an ATR and a long path gas cell, such that kinetics
on the surface were elucidated as well as the ratios of gases produced.
3.2. Experimental Setup. Anatase (TiO2) with a surface area of 54.99  0.04 m2g{1
(determined by a seven point N2 BET adsorption isotherm using a Quantachrome Nova
2200e surface analyzer) was used for this experiment. Anatase is a semiconductor com-
ponent of particulate matter that has a bandgap below the cuto of solar simulation.
The ow system described in chapter 2 was modied to allow the co-ow of humidied
air with the nitric acid. As described in Figure 9, dry air was co-owed through both
the nitric acid and the water bubblers. When setting the ow for the experiment, the
nitric acid container was replaced with an empty container to avoid owing nitric acid
vapor though the relative humidity sensor. When the desirable humidity was stable (as
a function of time) the dry air ow was stopped and the nitric acid was added to the
system, and the relative humidity sensor was taken out. The dry air ow was then turned
back on and the adsorption was monitored by periodic ATR-FTIR scans of the surface,
as described in chapter 2. The rest of the experiment was performed in the same manner
as chapter 2.
3.3. Results and Discussion.
3.3.1. Coadsorption of Water and HNO3. The presence of water in the adsorption of
nitrate on to the surface changes the infrared vibrations of the adsorbed nitrate. This
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Figure 9. Schematic diagram of the experimental set-up used in these studies.
can be seen in Figure 10, where as the relative humidity increases, the peaks 1243, 1290
cm{1 become blue shifted to 1338 cm{1, and the peaks at 1514, 1580, and 1612 cm{1
become red shifted to 1438 cm{1, moving the IR features from adsorbed nitrate to water
solvated nitrate. The presence of water can be monitored by the bending mode at 1672
cm{1, which is shown to grow as the relative humidity increases (Figure 10).81
Nitrate has several ways that it can adsorb onto the surface (shown in Figure 10 B.1
and B.2). As the water coadsorbs with the nitrate, it competes for available surface
sites, restricting the ways that nitrate can coordinate to the surface to only one geom-
etry. This was theoretically shown with geometric optimization and frequency analysis
of nitrate adsorbing onto anatase with dierent amounts of water.87 This shift from sev-
eral coordination methods to one as the amount of water increases reduces the number
of vibrational frequencies present. As the water solvation restores the D3h geometry of
adsorbed nitrate (from a C2v geometry of adsorbed in 0 %RH), vibrations that were split
by the symmetry breaking are restored to a degenerate state.
3.3.2. Vibrational spectroscopy of photochemical reaction. An overview of the heteroge-
neous photochemical reaction of nitrate in TiO2 at various relative humidities is presented
in Figure 11. The left panel shows the spectra of the surface, with the shaded negative
peaks are the removed nitrate at 350 minutes, and the right panel shows the spectra in
the gas phase with scans spaced in 30 minute intervals. Only 0 and 20 %RH are shown
in the gas phase to illustrate the dierence in mole fraction of NO2 and NO.
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Figure 10. Left) Infrared spectra of the coadsorbtion of water and nitrate
as a function of increasing relative humidity. The nitrate peaks at 1612,
1580, and 1514 cm{1 red shift and the peaks at 1243, 1289 cm{1 blue shift
to reect increasing interaction with the water, as well as the increasing
intensity of the adsorbed water bending mode at 1672 cm{1. Right) Two
general ways that nitrate can adsorb to the surface, B1) monodentate, B2)
bidentate.
Figure 11, left panel, shows the amount of nitrate removed after 350 minutes for each
relative humidity as a shaded region. Similar amount of nitrate (percentages) were re-
moved for each relative humidity after 350 minutes of solar irradiation. The decrease in
the number of peaks on the surface corresponds to a decrease in the ways that nitrate
can coordinate to the surface in the presence of water.87
Figure 11, right panel, shows the gas phase products of the reaction. The major species
include NO2, NO, and N2O at 1616, 1878, 2221 cm
{1 respectively.41 No appreciable
amount of N2O4 was measured, showing that less NO2 was produced (18).
(18) 2NO2 
 N2O4
3.3.3. Surface Kinetics. Analysis of the absorbtion bands on the surface before irradiation
shows that there is no signicant loss of nitrate without the presence of light. Similarly,
no signicant gas phase products are seen before irradiation. Upon irradiation, infrared
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Figure 11. (Left) Attenuated total reection-Fourier transform infrared
(ATR-FTIR) spectra of surface adsorbed nitrate. Solid line represents the
reaction before irradiation (t=0) and shaded area represents the fraction
removed at t = 350 min. (Right) Time progression of gas-phase products-
a scan before irradiation and a scan every 30 minute interval. Only 0 and
20 %RH are shown in the gas phase to illustrate the dierence in NO2 and
NO when water is present.
spectra of both the surface and gas phase products were recorded. At all relative hu-
midities, an exponential loss of nitrate from the surface was observed for the rst several
minutes, indicating rst order kinetics. The amount of nitrate before irradiation, i, and
the ratio of the nitrate on the surface (
i
0
) was plotted as a function of time (Figure 12,
left). At 350 minutes, each relative humidity has a similar removal of nitrate, but it is
clear that the rate of nitrate loss is dierent for nitrate with and without water.
Due to the exponential loss observed in Figure 12A, rst order kinetic analysis was
done (shown in the right panel of Figure 12). The limit of linearity (LOL) (how long
the reaction follows rst order kinetics), the percent nitrate lost at the limit of linearity
(LOL) and at 350 minutes (350), and the rate constants were determined and tabulated
in Table 4. The rate constant is the sum of the photochemical rate constant (jhv) and
the semiconductor eect (je ) (equation 19).
(19) jhv + je  = jtotal
As the relative humidity increased, the rst order kinetics not only slowed, but the regime
of rst order kinetics lasted longer. The rate constant for the dry reaction was statistically
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Figure 12. Photochemical loss of chemisorbed nitrate as a function of
relative humidity. Measurements are referenced to the nitrate saturated
surface at t=0 minutes (0). Left) chemisorbed nitrate loss; each point is
the mean of at least triplicate measurements and the error bars represent
the standard deviation. Right) the natural logarithm of the removed nitrate
fraction. The solid line represents the linear regression over the rst order
kinetics regime used to delimit the exponential decay of surface nitrate.
dierent than the rate constants for the reaction in the presence of water. The same can
be said for 5 and 20 %RH. The 10 %RH data is not statistically dierent from the 5
or 20 %RH data, indicating slow change in the rate constant as water is added to the
surface. As seen in Table 4, the surface kinetics slows as water increases, but the limit
of linearity increases. This results in statistically similar amounts of nitrate lost at the
limit of linearity for each relative humidity. This suggests that as humidity increases, the
heterogeneous photochemical reaction becomes slower and slower in the atmosphere, but
still has the same percentage removal of nitrate at 350 minutes.
Table 4. First-order photolysis rate constants (j), limit of linearity (LOL),
photochemical reaction yields at the limit of linearity (LOL), and photo-
chemical reaction yields at 350 minutes of reaction (350) of chemisorbed
nitrate at dierent relative humidities. Data presented are averages of trip-
licate measurements.
%RH j sec{1 LOL ( 2 min) LOL 350
0 0.0046  0.001 24 90 3 82  4
5 0.0014  0.00004 30 95.9  0.5 83  4
10 0.00094  0.00001 60 94  4 82.3  0.8
20 0.00078  0.00002 144 89  2 84  5
The end of the rst order kinetic regime the loss of nitrate was 24, 30, 60, and 144
minutes at 0, 5, 10, and 20 %RH respectively. Despite the limit of linearity, nitrate loss
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continues until 85% for all relative humidities, indicating loss of nitrate continuing after
the rst order kinetic regime. The increase in the limit of linearity is in agreement with
the slowing of the kinetic constant, as the reaction takes longer to occur, the kinetic
constant becomes smaller. The symmetry breaking of nitrate must play a role in the
speed of the reaction. As nitrate becomes restricted, when coadsorbed with water, it
reacts slower and has vibrational frequencies similar to aqueous nitrate.16
3.3.4. Gas Phase Data. The gas phase products produced were analyzed by mole fraction,
as a function of time, for each relative humidity (Figure 13). Mole fractions were used
to compare the relative amounts of each gas produced. Small, but measurable, amounts
of N2O and HONO were produced. The main products produced in the photochemical
reaction were NO and N2O.
The dry reaction has statistically similar mole fractions of NO and NO2, while the 5,
10 and 20%RH do not (Figure 14). Comparing the relative absorbances of the NO2 and
NO, at 20 %RH there is a larger ratio of NO to NO2 in comparison to the ratio at 0
%RH. This is suggesting that as water content increases on the surface, the reaction will
produce more reduced NOx gases. As water increases, NO becomes the major product,
suggesting that the following pathways (equations 20 and 21) are more preferable for
solvated water,
(20) NO  3 (a) + H
+(a)
h ! NO  2 (a) + O(3P)(g) + H+(a)
(21) NO  2 (a) + H
+(a)
h ! NO(g) + OH(g)
instead of the reaction of nitrate with a surface proton, equation22.43,56,69
(22) NO  3 (a) + H
+(a)
h ! NO2(g) + OH(g)
While considering the semiconductor eects of TiO2, reactions 23 and 24 should also be
considered.
(23) TiO2
h ! e  cb + h +vb
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Figure 13. Gas phase products of the photochemical reaction. (From the
upper left, going clockwise) Mole fractions as a function of time for 0, 5,
10, and 20 %RH.
(24) NO2(a) + 2e
 (a) + 2H+(a)
surface    ! NO(g) + H2O(a)
The electron anity of NO2 is twice as large as H2O, 2.273 and 1.3 eV respectively,
88,89
in the gas phase, but must become ipped when adsorbed on the surface. Another
possibility is an excited state of NO2 reacting more favorably with the e
{
cb , as NO2 is a
chromophore within the solar spectrum.
Considering the water's interaction with the semiconductor, a reaction pathway (25)
becomes apparent. The splitting of water, can be done with the electron hole left by the
excitation of the TiO2.
(25) H2O + h
+
vb  ! OH + H+
35
Figure 14. Mole fractions of gases produced at 350 min for 0, 5, 10, and
20 %RH.
Considering the acidied surface (with split water being another source of H+), the pro-
ceeding mechanism (20) is available and can produce surface NO {2 . This surface NO
{
2
can react with an OH radical, generated by 25, and produce NO gas (26).
(26) NO  2 + OH  ! NO + O(3P) + OH 
This reaction is in competition with two reactions of NO {3 with surface OH
(27) NO  3 + OH  ! NO2 + O(3P) + OH 
(28) NO  3 + OH  ! NO + O2 + OH 
to generate NO2 or NO. The second reaction, producing NO, has a smaller H
o
f than
the reaction producing NO2 (Using Hess's law data). It would be enthalpically favorable
to produce NO instead of NO2 via NO
{
3 reacting with surface OH. The gap in the
favorability of production of NO (shown by the dierence in mole fractions of NO and
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NO2, Figure 14) shows an increasing trend as more water is added to the surface, but
remains roughly constant between 10 and 20%RH.
As more water saturates the surface, it restricts the nitrate ions to adsorb in one specic
geometry. At 5 and 10 %RH, not enough water is present to restrict the geometry of all
nitrates on the surface, so several structures can be present. Coadsorbed water will change
the way nitrate is able to adsorb onto the surface, as water will hinder nitrate and make
nitrate preferentially bind to the surface in a monodentate fashion (if only steric factors
were considered). When the surface (after coadsorbtion) is left under vacuum overnight,
the most of the water desorbs,84,85 leaving islands of nitrate and small amounts of water
due to the favorable interaction of the hydrogen bonds of water and nitrate bound to
the surface. The nitrate, already adsorbed, does not change the geometry in which it is
adsorbed, resulting in a change in the favorability of reaction pathways that lead to NO
being produced instead of NO2, as seen in Figure 14. This desorption of water (in vacuum)
can explain the small OH bending stretch in Figure 10. The vibrational frequencies of
adsorbed nitrate change as more water is being coadsorbed (showing a shift in the way
that nitrate adsorbs) but the OH bending mode does not increase dramatically as more
water is coadsorbed (as the water is desorbing under vacuum). Overall, the coordination
of the nitrate to the surface changes as more water is added, until it saturates at 10 %RH.
The change in coordination geometry of the nitrate preferentially produces NO instead
of NO2.
The mole fraction of HONO, an atmospheric precursor for OH, remains constant re-
gardless of relative humidity. This suggests that the nitrite produced reacts less with OH
(as shown in Reaction 26). As water is introduced to the reaction, it slows, so nitrite
is less likely to react with OH and will preferentially desorb to HONO in the gas phase,
keeping the mole fraction in dry conditions the same as with water. The concentration
of N2O also stays constant regardless of relative humidity. This can be explained by the
following mechanisms,
(29) 2NO(a) + 2e  cb + 2H
+ surface    ! N2O + H2O
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A dierent mechanism can also be responsible for the production of N2O
(30) 8NO2(a) + 3H2O
H+  ! N2O + 6HNO3
The rst equation (29), presented originally in chapter 2, results in the conversion of sur-
face bound NO to N2O. The second equation provides an alternate route from NO2. This
alternate route can explain the decrease in NO2 without a major increase in N2O, as the
reaction is 8NO2:1N2O. If those two reactions are present, there will be a major decrease
in NO2 without a major increase in N2O(within the uncertainty of the measurement.
3.4. Conclusion. Water plays a role in the heterogeneous photochemistry of nitrate on
TiO2. Water restricts the way nitrate adsorbs onto the surface. This is seen in the
splitting of the 3 vibration, as more water is added to the surface the splitting begins to
resemble that of water cage splitting in the aqueous phase (discussed in Baltrusaitis et
al21). As more water is introduced, the kinetics slow and the limit of linearity becomes
longer resulting in statistically similar amounts of nitrate lost at the limit of linearity
and at 350 minutes. The dierence in mole fractions of the two major products (NO and
NO2) increases as water is added, but does not change between 10 and 20%RH. As nitrate
can interact with hydroxide radicals, produced by the splitting of water with the electron
hole on TiO2, new mechanisms are available for the preferential production of NO over
NO2. Water can desorb under vacuum, leaving islands of nitrate surrounded by water,
implying similar amounts of water on the surface for 10 and 20 %RH and explaining why
the ratio of NO to NO2 does not change. The coordination of nitrate does change as
more water is coadsorbed, resulting in slower kinetics as the amount of water increases.
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4. Conclusions and Future Directions
4.1. Conclusions of Nitrates on Components of Mineral Dust. Surface photo-
chemical reaction of nitrate can oset the balance of NOx accelerating the reaction up
to 103 faster than the homogeneous photochemical reaction. It was shown in Chapter 2
that 4 out of 5 surfaces tested (ZnO, Al2O3, TiO2, and SiO2) enhanced the photochem-
istry of nitrate into NOx and greenhouse gasses. Nitrate binding to SiO2 was thought
to be molecular in nature (it did not distort the geometry to allow for heterogeneous
photochemical catalysis), but upon careful experimentation it was found to provide an
atmospherically relevant surface. The gas phase products of nitrate on semiconductor
components are more reduced than their insulator counterparts. This shows the impor-
tance of the electron in the conduction band of the semiconductor to reduce the gas phase
products. The surface catalysis of nitrate on insulator and semiconductor components of
mineral dust provides an alternate pathway to the renoxication of the atmosphere.
As discussed in Chapter 3, when water is introduced to the surface, a larger mole
fraction of NO is produced than NO2. The eect of the water is seen as quickly as 5
%RH. This change in the major product can be explained with how coadsorbed water is
interacting with the electron hole (splitting) and subsequently the surface bound species.
The vibrations of nitrate bound to the surface change when more water is introduced to
the surface. This is a result of a geometric constraint on the nitrate with coadsorbing with
water. This should be further investigated with theoretical chemical models, minimizing
the way water can coadsorb with nitrate. The surface spectra can be deconvoluted to
reveal what vibrational frequencies are present, and those can be assigned to a theoretical
structure of nitrate bound to TiO2 with water.
4.2. Volatile Organic Compounds.
4.2.1. Introduction. Similar to inorganic molecules such as nitrate, small distortions in
the molecular symmetry of organic compounds when adsorbed to surfaces have been sug-
gested to be responsible for the increased absorption cross section of allowed electronic
transitions, making certain reaction pathways more favorable.10,13 Acetylene has a reac-
tion pathway involving photocatalysis that is accessible when it is adsorbed onto sodium
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chloride, that is not available in the gaseous state.9,13 Ketene is another molecule with
similar properties, it has enhanced electronic transitions when it is adsorbed onto sodium
chloride.10 Both of these eects are due to the perturbations in the PES when it adsorbs
to the surface, breaking its symmetry and allowing more ecient processes to occur.
The adsorption of volatile organic compounds can lead to photochemical reactions
on surfaces. An example of this is the photodegredation of phenol on TiO2.
90 Phenol
can bind with the OH bonding to the metal center of the metal oxide.90 It can then
photochemically degrade with oxygen present, when oxygen was absent, the phenol could
desorb with illumination.90 The eect of the semiconductor properties has not been inves-
tigated thoroughly. In this section, preliminary results of heterogeneous photochemistry
of benzaldehyde and acetaldehyde on Al2O3 and TiO2, an insulator and a semiconductor
respectively.
4.2.2. Benzaldehyde. Benzaldehyde was adsorbed onto Al2O3. The surface vibrations
were monitored as a function of time as well as gas phase products, Figure 15. It was
seen that upon solar radiation, the surface vibrations grow, implying polymerization of
the benzaldehyde. The gas phase vibrations imply desorption of benzaldehyde.
Figure 15. Integrated absorbance of Benzaldehyde on Al2O3 and gas
phase spectra.
Benzaldehyde adsorbed onto TiO2 resulted in dierent surface eects. As seen in
Figure 16, upon solar simulation, the vibrations on the surface decreased. The gas phase
spectra showed a decrease in the CHO stretch in comparison to the Al2O3 gas phase
spectra.
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Figure 16. Integrated absorbance of Benzaldehyde on TiO2 and gas phase
spectra.
After 350 minutes of solar irradiation, gas phase samples were trapped (using a home-
made gas trap) and taken to the GCMS and analyzed. Mass spectra from the major
products produced on Al2O3 and TiO2 are presented in Figure 17. The dierence in 1
m/z in the molecular ion peak corresponds to a loss in a proton. This proton could be
responsible for the lack of OCH stretch in the TiO2 gas phase spectra.
Figure 17. GC results of gases trapped after 350 mintues of solar simu-
lation of Benzaldehyde on Al2O3 and TiO2
4.2.3. Acetaldehyde. Acetaldehyde was adsorbed onto TiO2. The majority of acetalde-
hyde desorbed under vacuum, but gas phase spectra revealed more than just acetaldehyde.
As seen in Figure 18, a small shoulder peak (at 2222 cm{1) grew with solar simulation.
This peak could correspond to the OCC stretch of ketene. The vibrational frequency of
the OCC stretch of ketene has been calculated to be 2279 cm{1 (Gaussian 09W Semi-
empirical PM6). Ketene is a photosensitive gas,91 showing the power of having the long
path gas analysis cell not in solar irradiation.
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Figure 18. (Left) Gas phase spectra of gases produced under solar sim-
ulation of acetaldehyde on TiO2. (Right) Integrated absorbance (of the
band centered at 2222 cm{1) as a function of time.
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